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Introduction
The research on inerter have been continuously developed ever since the idea of inerter is first introduced by Smith in 2002 [1] . Different from the mass element, an inerter has the property that the applied force is proportional to the relative acceleration across the two terminals. In terms of the physical realisations of inerter, the flywheel-based design has been extensively studied, including experimental testing [2, 3] and nonlinearity analysis [4] . However, a few unavoidable drawbacks of the flywheel-based design, such as excessive wear of the transmission mechanism, have restricted the application of inerter to be only in the racing industry. Recently, an alternative fluid-base design was introduced in [5] with apparent advantages of durability, structural simplicity and low cost.
According to the results given in [5] , the parasitic damping is one of the most critical effects that need to accurately modelled for fluid inerters. Limited work was attempted to test and analyse the nonlinear properties of the helical-tube fluid inerter. There are still significant discrepancies observed between theoretical and experimental damping [5, 6] . In this paper, an experimental set-up consisting of two pressure gauges is used to directly measure the pressure drop across the helical tube channel, such that the parasitic damping can be more accurately tested. A prototype of helical-tube fluid inerter is built for experimental testing. It
According to the results given in [5] , the parasitic damping is one of the most critical effects that need to accurately modelled for fluid inerters. Limited work was attempted to test and analyse the nonlinear properties of the helical-tube fluid inerter. There are still significant discrepancies observed between theoretical and experimental damping [5, 6] . In this paper, an experimental set-up consisting of two pressure gauges is used to directly measure the pressure drop across the helical tube channel, such that the parasitic damping can be more accurately tested. A prototype of helical-tube fluid inerter is built for experimental testing. It will be shown that improved agreement of the damping effects between experimental and theoretical values can be obtained. In addition, a new design of meander-tube fluid inerter is introduced, which aims to study the new form of parasitic damping relative to the original helical-tube design, while providing the same level of inertance. The key feature of this new design is to minimise the length of curvature in the external tube. Based on the chosen formula of damping, the theoretical comparison between the damping of meander-tube design and helical-tube design are made to illustrate the differences between the two designs.
This paper is organised as follows. Section 2 introduces the prototype design of helical-tube fluid inerter and corresponding test rig design for this specific prototype. In Section 3, the experimental data are collected and analysed for each triangular wave test, and the theoretical modelling of helical tube damping is carried out based on the experimental results. A new design of fluid inerter namely the meander-tube design, is proposed in Section 4 with its damping characteristics analysed theoretically and compared with the helical-tube fluid inerter. Conclusions are presented in Section 5.
Prototype design and experimental setup
Prototype of a helical-tube fluid inerter is built at the University of Bristol, as shown in Fig. 1 . This prototype consists of a main cylinder and a separate helical tube coil, which enables different sets of helical tubes with various diameters and bend radiuses to be easily connected for testing. The ball valves between the main cylinder and the helical tube are designed to help partially isolate the fluid in cylinder chambers and in helical tube channel, while filling the chamber with fluid or changing the external tube.
In addition, two built-in pressure gauges (Druck PDCR 812) are used to precisely record the pressure values of the working fluid at the inlet/outlet of the helical tube channel. The parasitic damping caused by the helical tube can be then derived by processing these pressure signals. For future applications, the integrated design could be made instead, which will have the advantage of compactness and symmetry in design. In this paper, all the theoretical and experimental results are based on this helical-tube fluid inerter with parameters listed in Table 1 , while water is chosen to be the working fluid. The test rig is customised towards the specific test requirement. As shown in Fig. 2 , the fluid inerter is placed in the test rig. The displacement-controlled excitation is generated by the hydraulic actuator (INSTRON DL25kN), which is rigidly connected to a free end of the inerter terminal (cylinder rod). During the tests, the real displacement across inerter terminals is recorded by a suitably placed LVDT (RDP DCTH6000C). Thus, minimum backlash from the joints can be then achieved. The axial force applied by the fluid inerter is collected using the load cell mounted between the actuator and cylinder rod. Meanwhile, the two pressure gauges are located at both ends of the helical tube to monitor the pressure drops of the fluid during the constant velocity tests. This equipment configuration constitutes the main contribution of the research presented. 
Testing and modelling of the damping effects

Triangular wave excitation tests
In order to test the damping effect separately from other effects such as elasticity and inertance, a triangular wave of the axial displacement is used to excite the free end of the fluid inerter, giving the constant terminal velocities during each direction of the cylinder rod movement. Except for the transition phase after each periodic motion direction change, the steady terminal force is composed of damping and friction only.
The quasi-steady force is dominated by friction at very low velocities (e.g. below 0.01 m/s). Under stated conditions, the damping force is produced by the pressure difference between the two chambers of the cylinder, while the pressure difference results mainly from the fluid viscosity effect in the helical tube channel. Three sets of experimental data are collected during the test, which are the terminal velocities by the LVDT, the terminal forces by the load cell, and the absolute pressures by the pressure gauges.
Since the nonlinear damping through the helical tube requires separate testing at each single terminal velocity, various frequencies of excitation are applied at the constant amplitude. The constant amplitude of 40 mm is chosen because of the resulting longer steady state. Thus, more accurate value of terminal force can be captured. To fully explore the damping properties across wide range of velocities, the tests are carried in the range from 0.0016m/s to 0.224 m/s. The upper limit of the test velocities is restricted by the maximum force supported by the cylinder. The method of the least absolute residuals (LAR) [7] is used to fit a curve that minimise the absolute difference of the residuals rather than the squared difference. Therefore, the extreme residual values have less influence on the fitting results. An example of how to identify the damping force from the load cell records is demonstrated in Fig. 3 for the case of the constant terminal velocity of 0.064 m/s. The experimental data are fitted by a square wave with amplitude of 0.1684 kN, which represents the value of steady state terminal force at this velocity. In this case, the extreme values are mainly concentrated in the initial transitional phases. There is an initial offset in the load reading of -0.0357kN, which is removed from the presented readings. Meanwhile, the friction caused by the seals is identified through the low velocity tests, where the terminal force ( ) is dominated by friction. At the terminal velocity of 0.0016m/s, the identified value of the steady state terminal force is approximate 45N. Hence, the friction force is estimated to be 45N for this helical-tube fluid inerter.
During the testing at each velocity, two sets of pressure data are collected by the pressure gauges, recording the internal pressure at each end of the helical tube channel. The difference between these two sets of values represents the pressure drop across the helical tube (denoted ∆ ). As shown in Fig. 4 , at the terminal velocity of 0.064 m/s, the pressure drop ∆ is identified to be approximate 99000 Pa during the steady state. It is noted that the negative values recorded by the pressure gauges are caused by the initial pressure calibration to be zero for both pressure gauges. Based on the test results across the full range of terminal velocities, the total damping force ( ) is calculated by subtracting friction from the recorded terminal force at each tested velocity. The total damping force ( ) versus terminal velocity ( ) for helical-tube fluid inerter is plotted in Fig. 5 by black solid line. In the meantime, the damping force through the helical tube channel is derived by formula h = 1 ∆ , and is also plotted in Fig. 5 as the blue dashed line. The nonlinear damping properties in both cases show the similar trend of more rapid increase in damping when the velocity becomes higher. Furthermore, the total parasitic damping has been shown to be dominated by the helical tube damping due to very small difference between the two sets. The observed discrepancy between these two sets can be explained by the presence of the inlet/outlet damping and potential leakage damping across the cylinder piston. 
Damping verification and analysis
As shown in the previous section and Fig. 5 , the damping through the helical tube channel is the major source of parasitic damping. In order to accurately predict the terminal behavior of a fluid inerter, the theoretical model of the parasitic damping is critically important. There are plenty of experimental and analytical studies aimed at the estimation of the pressure drop due to flow in the helically coiled tubes. Similar to [5] , the model introduced by Rodman and Trenc [8] is used for the theoretical helical tube damping ( ℎ ′) calculation, ℎ ′ = 0.03426 
) .
According to the parameters in Table 1 , the theoretical helical tube damping is calculated by Equation (1) and plotted in Fig. 6(a) by the black dashed line. It is compared with the experimental results shown by the red solid line. In the same way, the theoretical damping and experimental damping for the results from [5] are plotted in Fig. 6(b) . It can be seen that the theoretical values fit the experimental result much better for the present study than the study in [5] . The new measuring method is the main reason for improved match between the theoretical and experimental results. However, there is still some discrepancy observed for the high terminal velocities, which could be the raising of fluid temperature, leading to lower density and viscosity of fluid. 
Design of a meander-tube fluid inerter
A new fluid-based inerter design is proposed with the aim of achieving different damping characteristics, compared to the helical-tube fluid inerter. The meander-tube fluid inerter, as shown in Fig. 7(b) , is designed to achieve reduced curved length for a given total length and diameter of tube, while providing similar level of inertance. To verify the potential reduction of damping for the meander-tube design, the total length of the tube is assumed to be the same as for the helical-tube design (see in Fig. 7(a) ). The adjacent straight tube parts are tightly packed. Therefore, the bend radius of each U-bend for the meander-tube design is assumed equal to the outer radius of tube, which is approximately 0.004m. Other parameters are the same as for the helical-tube fluid inerter prototype specifications in Table 1 . With the help of Hagen-Poiseuille formula applied for the calculation of the straight tube damping, the theoretical damping through the meander-tube channel is derived by adding the U-bend tube damping, Equations (1) The results of both theoretical damping predictions for the helical-tube arrangement and the meander-tube arrangement are plotted in Fig. 8 . It can be seen that the meander-tube design modelled in Equation (2) gives much lower damping over the full velocity range. Based on this result and under the stated assumptions, it can be seen that with the similar dimensions of the device and the same working fluid, the meander-tube fluid inerter should achieve similar inertial effects with lower parasitic damping compared to the original helical-tube design. 
Conclusion
This paper demonstrates a new method for accurate testing of the parasitic damping in the helical-tube fluid inerters based on the use of two pressure gauges at the inlet/outlet of the helical tube. The prototype helical-tube fluid inerter and the customised test rig were built for experimental analysis. The theoretical formula for the nonlinear helical-tube damping has been verified through the comparison with the corresponding experimental data. It can be seen that much better agreement between the theoretical formula and experimental data has been achieved compared with previous studies, because of the improved experimental set-up. In addition, an alternative novel fluid-based inerter design is introduced. The comparison between the theoretical estimates of the helical-tube damping and meander-tube damping serves as the evidence for the potential benefits of this new fluid inerter design.
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